Abstract. Fine-needle aspiration cytology is the standard technique to diagnose thyroid pathologies. However, this method results in a high percentage of inconclusive and false negatives. The use of time-resolved fluorescence techniques to detect biochemical composition and tissue structure alterations could help to develop a portable, minimally invasive, and nondestructive method to assist during surgical procedures. This study aimed to use fluorescence lifetimes to differentiate healthy and benign tissues from malignant thyroid tissue. The thyroid tissue was excited at 298-300 nm and the fluorescence decay registered at 340 and 450 nm. We observed fluorescence lifetimes at 340 nm emission of 0.80 AE 0.26 and 3.94 AE 0.47 ns for healthy tissue; 0.90 AE 0.24 and 4.05 AE 0.46 ns for benign lesions; and 1.21 AE 0.14 and 4.63 AE 0.25 ns for malignant lesions. For 450 nm emissions, we obtain lifetimes of 0.25 AE 0.18 and 3.99 AE 0.39 ns for healthy tissue, 0.24 AE 0.17 and 4.20 AE 0.48 ns for benign lesions, 0.33 AE 0.32 and 4.55 AE 0.55 ns for malignant lesions. Employing analysis of variance, we differentiate malignant lesions from benign and healthy tissues. In addition, we use quadratic discriminant analysis to distinguish malignant from benign and healthy tissues with an accuracy of 76.1%, sensitivity of 74.7%, and specificity of 83.3%. These results indicate that time-resolved fluorescence can assist medical evaluation of thyroid pathologies during surgeries.
Introduction
At present, thyroid lesion diagnosis depends on the pathology results of fine-needle aspiration cytology obtained by examining stained sections by light microscopy. However, this method cannot effectively differentiate between benign and malignant follicular lesions. Thus, the rate of false-negative results for thyroid injuries is high. [1] [2] [3] [4] Most of the surgeons rely upon gross inspection of size, hardness, and texture of the lesions to select thyroid tissues to send to pathologists for fast frozen section diagnosis during surgery. These fast frozen section results influence the type of thyroidectomy and the extent of the thyroid surgery. However, a large number of patients undergo unnecessary extensive operations or reoperation because only final histopathology can obtain the correct diagnosis of thyroid lesions. Therefore, finding new methods to provide information of biochemical composition and structure is critical to improve the prognosis of thyroid diseases.
Optical tissue diagnosis mediated by fiber-optic probes can perform noninvasive or minimally invasive real-time assessment of tissue pathology during the surgical procedure. In this regard, the use of time-resolved fluorescence techniques to detect alterations in the biochemical composition and structure of thyroid tissue could lead to a portable, minimally invasive and nondestructive methodology. One main advantage of this technique is that the fluorescence time decay does not alter when the fluorescence intensity changes.
This study aimed to determine lifetime fluorescence of benign and malignant thyroid lesions and to search for a technique to differentiate benign and malignant follicular lesions.
Methods

Sample Preparation
This study used 59 human thyroid samples, obtained from the University Hospital of the Ribeirão Preto Medical School, University of São Paulo. It included 34 patients from both genders with thyroid diseases who had undergone surgery. The Ethics Committee of the University Hospital of the Ribeirão Preto Medical School, University of São Paulo, approved the study and all patients signed a written informed consent to participate in the study.
The thyroid samples were removed during surgery and kept in phosphate-buffered saline. Each sample was bisected: half was sent for optical measurement and the other half for pathological analysis. The measurements of 41 samples were performed less than 2 h after surgical procedures. However, 18 samples were frozen in a low temperature freezer after the surgery. Later, these 18 samples were kept at room temperature to defrost for 30 min and all measurements were performed less than 2 h after removal from the freezer. We performed principal component analysis on the lifetime spectra of all results (divided by diagnostic groups: healthy, benign, and malignant) and established no statistical difference due to preparation between samples measured fresh and after defrosting. In addition, we performed analysis of variance (ANOVA) analysis on the lifetimes obtained for fresh and frozen samples (divided by diagnostics groups) using Fisher's least significant difference (LSD) and Tukey methods. The results showed no statistical difference between fresh and frozen samples for each diagnostic group (healthy, benign, and malignant).
Pathological analysis revealed that among these samples 13, 36, and 10 referred to healthy, benign, and malignant thyroid tissues, respectively. Benign samples included goiter, Hashimoto's thyroiditis, hyperplasia, benign tumor, and Hürthle cells adenoma; malignant samples comprised papillary carcinoma and follicular papillary carcinoma.
Time-Resolved Fluorescence Spectroscopy
The fluorescence intensity decay was measured on the basis of time-correlated single-photon counting. The excitation source was a Tsunami 3950 Spectra Physics titanium-sapphire laser that was tunable between the wavelengths of 840 and 1000 nm and which emitted 6 ps pulses, pumped by the solid-state laser Millenia X Spectra Physics with an emission at 530 nm. The pulse repetition rate was set to 8 MHz by using a 3980 Spectra Physics pulse picker. The laser was tuned so that a second-and third-harmonic generator (GWN-23PL Spectra Physics) gave an emergent beam tuned in the ranges of 420-500 nm and 280-333 nm. The output pulses were coupled to the optical fiber of a fluorescence probe (R400-7-UV-Vis, Ocean Optics); the probe tip was positioned above the selected sample for excitation with a gap of approximately 1 mm. The six-fiber bundle of the probe collected the fluorescence and directed the light to an Edinburgh FL900 spectrometer. A refrigerated Hamamatsu R3809U microchannel plate photomultiplier detected the emitted photons. The optical fiber arrangement was used to obtain the instrument response function by collecting the scattered light at the same wavelength of excitation. The full width at half maximum of the instrument response function was typically 100 ps and the time resolution was 12 ps per channel. No significant background was observed in the experiments and software provided by Edinburgh Instruments was employed for analysis of the individual decays, which were fitted to multiexponential curves: IðtÞ ¼ P i α i exp½−t∕τ i , where α i are the pre-exponential factors and τ i are the lifetimes. We judged the quality of the fit by analyzing the statistical parameter reduced-χ 2 (which average was 1.23) and by inspecting the residuals' distribution.
Samples were excited at 298-300 nm and the fluorescence intensity decay registered at 340 and 450 nm. The high fluorescence intensity at 340 nm enabled us to obtain decay times for all the 59 samples at this wavelength. However, the low absorption rate at the excitation wavelength of the fluorophores that fluoresced at 450 nm allowed us to obtain reliable decay times only for 35 samples (among these samples 8, 19, and 8 referred to healthy, benign, and malignant thyroid tissues, respectively).
We measured each sample at three different positions and obtained the fluorescence time decay for each of these measurements. In all cases, the decay profile intensity was fitted to a three-exponential decay using reconvolution with the instrument response function [ Fig. 1(a) ] and a short lifetime component below 0.1 ns was obtained with minor contribution to the total emission (typically less than 5% contribution). We also made the fit from the decay profile without the initial transient points, a good fit was obtained with a two-exponential decay function [ Fig. 1(b) ], and the short lifetime component was absent. From the results of both procedures for the fit of experimental decays, we calculated the mean lifetime, using the definition of mean values:
The results for all the samples studied showed that the mean lifetimes obtained from the deconvolution differed by less than 1% from those of tail fit.
Data Processing
In the data processing, we preferred to use the values from tail fitting with a two-exponential decay curve for all the measurements, thus having the lowest number of parameters in the analysis. For each emission (340 and 450 nm), the differences in the decay values τ 1 and τ 2 between different tissue diagnostics (healthy, benign, and malignant) were analyzed by one-way ANOVA using Fisher's LSD, Tukey, and Dunnet methods. The control group for the Dunnet method was the healthy group.
We also performed a quadratic discriminant analysis of the decays' values using two groups: one group contained the malignant samples and the other group contained the healthy and benign samples. We used Minitab 16 Statistical® software to perform the quadratic discriminant analysis, which calculates the Mahalanobis distances using individual class covariance matrices. For cross validation, we used the leave-one-out method. This method works by omitting each data point one at a time, recalculating the classification function using the remaining data, and then classifying the omitted data point.
Results
Each individual decay shows a bi-exponential curve with a short lifetime near 1 ns and a long lifetime around 4.0 ns for fluorescence emissions at 340 and 450 nm. Table 1 presents the average values and standard deviation for each histopathology diagnosis.
At emission in 340 nm, the mean values of pre-exponential factors were circa 0.40 for the short lifetime and 0.60 for the long lifetime. At emission in 450 nm, the values were 0.64 and 0.26 for the short and long lifetimes, respectively. The use of pre-exponential factors for discrimination analysis presented no significant difference between tissues. On the other hand, from the fluorescence lifetimes, we observed that malignant samples yielded larger lifetime values when compared to healthy and benign samples for both emission wavelengths. However, the benign and healthy samples were similar for both short and long lifetimes. Figure 2 shows the scattered plot with the short [ Fig. 2(a) ] and long [ Fig. 2(b) ] lifetime values corresponding to healthy, benign, and malignant thyroid tissues for 340 nm emission.
From the set of decays corresponding to a given class of tissue (healthy, benign, or malignant), we calculated the mean values of the short (τ 1 ) and the long (τ 2 ) lifetimes and analyzed by one-way ANOVA using Fisher's LSD, Tukey, and Dunnet methods. Table 2 presents the results for ANOVA using Fisher's LSD and Tukey methods.
The Fisher's LSD method distinguishes the three different groups for the short lifetime (τ 1 ) at 340 nm emission. Also, for both lifetimes (τ 1 and τ 2 ) the results of Fisher's LSD and Tukey methods exhibited a statistical difference between healthy and malignant groups. However, the statistical analyses between healthy and benign groups for τ 2 present no difference with both methods at 340 nm emission.
For fluorescence emissions at 450 nm, both methods presented the same results. No statistical difference exists between the healthy, benign, and malignant groups on the short lifetimes (τ 1 ). A statistical difference between healthy and malignant groups occurred on longer lifetimes (τ 2 ), but not between healthy and benign groups. Table 3 contains the results for ANOVA using Dunnet method.
The Dunnet method at 340 nm presented a statistical difference between healthy and malignant groups for both lifetimes. However, the statistical analysis shows that healthy and benign groups are similar. For emissions at 450 nm, the long lifetimes presented a statistical difference between healthy and malignant groups, but not between healthy and benign groups. Once more, we found no statistical difference between the short lifetimes at 450 nm emission. Table 4 displays the comparison between a time-resolved fluorescence technique and the histopathologic diagnosis by discriminant analysis (described at Sec. 2.3) using the short (τ 1 ) and the long (τ 2 ) lifetimes as predictors. The results show a good accuracy and proportion of correct malignant classification by both lifetimes at 340 nm emissions. For 450 nm emission, although the accuracy is higher than 65% for all predictors, the proportion of correctly classified malignant samples is poor.
Discussion
The optical characteristics of fluorophores depend on the properties of the medium, such as pH and temperature, and its ligands. Therefore, it is difficult to directly compare the lifetime fluorescence observed for thyroid samples with those of tissues with similar chromophore constituents, 5-10 even though it is possible to correlate and expect similar peak positions and lifetimes values as observed by the literature for healthy soft tissue. The fluorescence emitted at 340 nm, while exciting the sample in the 285-300 nm region, can correspond to elastin and tryptophan fluorescence. [5] [6] [7] [8] [9] The fluorescence at 450 nm emission, while exciting the sample in the 285-300 nm region, can correspond to NADH-protein, and NADH-free.
5-7
The results of Tables 1 and 2 show larger values of fluorescence lifetimes for malignant samples when compared to healthy and benign samples. The ANOVA results for emissions at 340 nm exhibited a statistical difference between healthy and malignant groups for Fisher's LSD, Tukey, and Dunnet methods for both lifetimes. However, the short lifetime for emissions at 450 nm did not present a statistical difference between the histopathological groups for all three ANOVA methods. Table 2 Analysis of variance (ANOVA) analyses by Fisher's least significant difference (LSD) and Tukey methods of the fluorescence time decay for healthy, benign, and malignant thyroid samples excited at 300 nm and measured at 340 and 450 nm. In the last column, the same letters denote nonstatistical difference; {A,B,C} is used to indicate the group classification. This comparison is valid for each method and lifetime separately. The discriminant analysis was able to distinguish the malignant samples with 76.1% when using both lifetimes as predictors for 340 nm emissions. It achieved an 83.3% correct classification for malignant samples when using both lifetimes as predictors and 93.3% of correct classification for malignant samples when using only the longer lifetimes as predictor.
The poor results obtained at 450 nm emissions maybe caused by the low absorption rate at the excitation wavelength. We believe that applying different wavelengths can greatly improve the results achieved for this emission.
Recent studies have connected cancer with tryptophan metabolism activation so that the malignancy evades immune control and suggest that tryptophan may serve as a marker to monitor disease activity. [10] [11] [12] [13] [14] The lifetime of tryptophan in neutral aqueous solution excited at 280 nm for emissions at 340 nm is 0.67 AE 0.12 and 3.17 AE 0.04 ns.
9 Table 1 presented lifetime fluorescence measurements for the healthy thyroid samples at 340 nm of 0.80 AE 0.26 and 3.94 AE 0.47 ns. Malignant thyroid samples yielded larger lifetime values at 340 nm of 1.21 AE 0.14 and 4.63 AE 0.25 ns. The tryptophan metabolic pathway could be the cause for these longer lifetimes for malignant thyroid samples while recording fluorescence emissions at 340 nm. However, any direct correlation is inadequate because the fluorescence lifetime is a mean value of all fluorophores presented in the thyroid tissue fluorescing at 340 nm.
Conclusions
This study has successfully demonstrated that fluorescence lifetimes at 340 nm emission can differentiate between thyroid malignant and healthy/benign tissues. It indicates fluorescence lifetime as a promising technique for application as real-time assessment for thyroid lesions during the surgical procedure. Future studies are still necessary to correlate the lifetimes and the histopathological diagnosis for all thyroid pathologies, specially the follicular lesions, and the application of different excitation wavelengths may reveal the effects of other fluorophores on cancerous tissues.
